High costs of fertilizer in western Canada have generated interest in alternative N sources. Legumes produce N through fixation, and may increase soil residual and mineralizable N, thus reducing the need for fertilizer N in subsequent crops. Hybrid canola (Brassica napus L.) has a high N requirement for optimum yield, but knowledge of rotational effects of legumes on canola is limited. The objective was to determine the effects of legume and non-legume preceding crops on yield and quality of canola grown the following year and malting barley (Hordeum vulgare L.) grown after canola. Field pea (Pisum sativum L.), lentil (Lens culinaris Medik.), faba bean (Vicia faba L.), canola, and wheat (Triticum aestivum L.) harvested for grain, and faba bean grown as a green manure were direct-seeded at seven locations in 2009. Canola was seeded in 2010 and barley in 2011, with fertilizer N applied at 0, 30, 60, 90, and 120 kg ha -1 . On average, all legumes, except faba bean for seed, produced higher canola and barley yields than when wheat was the preceding crop. Faba bean green manure produced the highest yields, while canola on canola produced the lowest canola yield. The legumes had little negative effect on canola oil or barley protein concentration. Yields of both crops increased with increasing N rate, but canola oil concentration decreased, and barley protein increased. The results indicate that growing legumes for seed before hybrid canola can improve canola and subsequent barley yield without negatively affecting canola oil or malting barley protein.
Canada have generated interest in seeking alternatives to fertilizer N. Legume crops can achieve high levels of symbiotic N 2 fixation, producing a significant portion of their own N needs and contributing to the N supply of non-legume crops grown in rotation (Walley et al., 2007) . Most previous research in western Canada has been conducted with cereal crops in rotation with legumes, mainly field pea van Kessel, 1996a, 1996b; Van Kessel and Hartley, 2000; Miller et al., 2003) . The results, while variable, have been largely positive in terms of increasing cereal yields and reducing the requirement for fertilizer N in the crops immediately following legume production.
Canola is a major cash crop in western Canada, and its production has increased from an average of 3.9 Tg in the mid-1980s to 17.9 Tg in 2013 (Canola Council of Canada, 2014a) . Canola requires high levels of N to optimize yield (Grant and Bailey, 1993; Malhi and Gill, 2004; Karamanos et al., 2005) . Virtually all of the canola now grown in western Canada consists of hybrid varieties that may require an even higher N supply than open-pollinated varieties to support their higher yield potential (Malhi et al., 2007; Cutforth et al., 2009; Smith et al., 2010; Blackshaw et al., 2011; Harker et al., 2012) . As well as being costly to canola producers, applying large amounts of fertilizer N can have negative environmental effects (Henault et al., 1998; Cassman et al., 2002; Gan et al., 2011a Gan et al., , 2011b and energy use efficiency (Zentner et al., 2004) impacts. Little research has been conducted on the rotational benefits of legume crops, grown either for seed or as a green manure on hybrid canola productivity. It has been suggested that in view of the strong hybrid canola yield response to N, it would be of interest to determine the influence of legume crops seeded before canola .
Open-pollinated canola yields were occasionally greater when canola was grown on field pea or lentil residues compared to wheat residue, and this was attributed mainly to increased available water (Miller et al., 2003) . Two more recent western Canadian studies conducted at a limited number of locations found that growing legume crops in rotation with hybrid canola can result in increased canola yield benefits. In Saskatchewan, canola yields were higher when canola was grown on field pea compared to wheat residue (Kutcher et al., 2013) . In Alberta, canola grown on field pea or faba bean residue without N fertilization yielded higher or equal to canola grown on barley or canola residue with N fertilization (Williams et al., 2014) .
Canola is grown mainly for its oil content, which is in considerable demand due to its healthy fatty acid profile (Canola Council of Canada, 2014b) . While high N rates increase canola yield and protein concentration, oil concentration often decreases (Jackson, 2000; Karamanos et al., 2005; Blackshaw et al., 2011 , Grant et al., 2011 since there is an inverse relationship between oil and protein.
It is unclear, however, if a similar negative impact on canola oil concentration would occur by growing the canola after a legume crop.
Barley is a commonly grown rotational crop with canola in western Canada, and malting varieties usually predominate. However, <25% of the barley grown is usually accepted for malting grade annually with the remainder being sold as livestock feed for a reduced price. The quality requirements for selection for malting are strict and include disease-free, plump kernels (>800 g kg -1 ) of uniform size and relatively low protein concentration (between 110 and 125 g kg -1 ) (BMBRI, 2014) , with excess protein concentration being a frequent cause for sample rejection. Protein concentration is enhanced by N accessed by the crop late in the growing season (McKenzie et al., 2006) and legume crops may increase late-season N supply through release of N from decomposing crop residue. Provincial recommendations in Manitoba suggest use of lower N application rates in malting barley grown after legume crops (Manitoba Agriculture, Food and Rural Development, 2014) . Some growers are reluctant to grow legume crops in rotation with malting barley because of the perception that it may lead to unacceptable seed protein content and rejection for malting grade. In a recent study, planting barley directly on field pea residue did not consistently result in an increase in grain protein . It is unclear, however, if the situation would change if other legumes were grown in rotation with barley, or if the barley was sown 2 yr after the legume when decomposition of legume residues may be complete.
The objective of this study was to compare the effects of the preceding crops field pea, lentil, faba bean (harvested for seed and grown as a green manure), canola, and wheat established in 2009 on yield and quality of hybrid canola sown in 2010, and malting barley sown in 2011. A subsequent paper will further investigate the influence of preceeding crop and N fertilization on soil and plant N dynamics.
MATERIALS AND METHODS
A field experiment was conducted under no-till management at seven rain-fed locations on the northern Great Plains of western Canada. The locations were Beaverlodge (119.48 W, 55.28 N) , Lacombe (113.78 W, 52.58 N) , and Lethbridge (112.88 W, 49.78 N) AB, Scott (528.21 W, 108. 51 N), Indian Head (103.78 W, 50.58 N), and Swift Current (107.78 W, 50.38 N) SK, and Brandon (99.98 W, 50 .08 N) MB. In 2009, soil samples were taken before seeding at the 0-to 15-and 15-to 60-cm depth at 16 locations at each experimental site. Samples were air dried and submitted for analysis for site characterization (Table 1) . Field pea (CDC Golden), lentil (CDC Imperial), faba bean (Snowbird), and imidazolinone-resistant canola (45H73), and wheat (CDC Imagine) were sown to be havested for seed. Faba bean was also seeded as a green manure (GRM) treatment. Legume seed was innoculated at each location. All crops in 2009 were sown on cereal crop residue. Canola and wheat, but not the legumes, were fertilized according to the soil test recommendation for N to produce an average but not excessive yield for the location. Nitrogen was applied as urea (46-0-0) at seeding time, and was side-banded 2.5 to 7.5 cm from the seed, depending on the seeding equipment available at each location. Mono-ammonium phosphate (MAP) (12-51-0) was applied with the seed to all crops according to the soil test recommendation for phosphorus. Weeds were controlled in each crop with imazamox [2-(4,5-dihydro-4-methyl-4-(1-methylethyl)-5-oxo-1H-imidazol-2-yl)-5-(methoxymethyl)-3-pyridinecarboxylic acid] (20 g a.i. ha -1 ) and Merge adjuvant (0.5% vol/vol). The faba bean grown for GRM was sprayed at the flat pod leaf stage with glyphosate [N-(phosphonomethyl) glycine] at 900 g a.e. ha -1 and clopyralid at 50 g a.i. ha -1 . The faba bean GRM was mowed in the fall and the entire plant returned to the soil surface. The crops sown for seed were swathed, then the seed harvested at maturity using a plot combine. After harvest, the straw of each crop was chopped and spread on the surface of the plots. These crops, seeded in 2009, provided the six crop residue treatments for the canola and barley experiments conducted in 2010 and 2011, respectively.
In the fall of 2009, gravimetric soil moisture was sampled to depths of 0-30, 30-60 and 60-90 cm. One sample at each depth was obtained from each crop residue in the 0 kg ha -1 N plots only. Each sample was dried to a constant weight and percentage soil moisture determined.
In 2010, glyphosate-resistant canola (7255) was sown at 150 seeds m -2 across the entire experimental area. In 2011, each site was sown to malting barley (AC Metcalfe) at 300 seeds m -2 . The experiment in 2010 and 2011 was designed as a split-plot with the six crop residues established in 2009 as main plots. The subplots each year consisted of five N rates (0, 30, 60, 90 , and 120 kg ha -1 ) randomized within the main plots. Each treatment was replicated four times. The N was side-banded as previously described. Phosphorus was applied according to the soil test recommendation as mono-ammonium phosphate (MAP) with the canola and barley seed. Sulphur (0-15 kg ha -1 ) was applied as ammonium sulfate where necessary in the canola. Thus the zero N plots received a small amount of N (4-18 kg N ha -1 as MAP and as much as 17 kg N ha -1 of ammonium sulfate). The N was supplied uniformly across treatments at each location and was treated as part of the background N supply. For weed control in canola, glyphosate (450 g a.e. ha -1 ) was applied once pre-seed and once in-crop. In barley, registered herbicides were used at each location to control the variable spectrum of weeds. Seed drills with knife openers were used at all locations. The seed drills provided approximately 10% seed bed utilization with 20-to 23-cm row spacing. Initial soil characteristics (Table 1) , annual growing season precipitation (Table 2) , and seeding dates (Table 3 ) are described for each location. Canola and barley were swathed at maturity and subsequently harvested for seed yield with a small plot combine. Harvested seed was cleaned, weighed, and yield calculated based on grain moisture of 10% for canola and 14% for barley. Oil concentration of canola and protein concentration of barley were determined with a near infrared reflectance spectrometer (Foss Model 6500, Eden Prairie, MN). Canola emergence on field pea and lentil plots was nonexistent or extremely poor and variable at Lacombe in 2010. The reason for the poor emergence is not completely clear although there was some evidence that cutworm (Lepidoptera: Noctuidae spp.) damage to canola may have been greater in plots seeded to field pea and lentil than to the other crops. Disproportionate flooding in some of the field pea plots may have also contributed to the poor canola emergence. For this reason, canola data from field pea and lentil plots at Lacombe were excluded from the statistical analysis.
All other data generated in 2010 and 2011 were analyzed using PROC MIXED of SAS (Littell et al., 2006; SAS Institute, 2011) . Before the main analysis, an exploratory analysis was conducted to determine the proportion of variance associated with the location × treatment interactions for each variable. Data were analyzed for each location with preceding crop and N rate as fixed effects, and replicate and the replicate interaction with fixed effects as random. This analysis assumes that locations could be characterized and probability of N fertilizer response predicted based on soil test N measurements. An additional analysis was conducted with location and the location interaction with fixed effects as random. This analysis allowed for a more generalized assessment across locations of the effects of the preceding crops and N rates on the canola and barley variables. It has been suggested that where multiple locations are involved, it may be more appropriate to consider locations as random effects, since the goal is often to infer future performance at many untested locations (Yang, 2010) . In addition, using locations and years as a random effect may increase statistical power since the overall sample size is expanded.
Contrast statements were used to test for linear and quadratic responses to N rate, and regression equations describing the relationship between the dependent variables (canola yield and oil concentration, and barley yield and protein concentration) and N rate were fit based on the nature of the response.
RESULTS
To facilitate presentation of results, the term preceding crop will refer to crops seeded in 2009. The different soil types and characteristics (Table 1) provided variable edaphic environments for the study. Soil pH was highest at Lethbridge and Brandon, and lowest at Beaverlodge, while organic matter content was highest at Lacombe and Brandon, and lowest at Swift Current. The initial soil nitrate N concentration in the spring of 2009 was highest at Beaverlodge and Lacombe and lowest at Lethbridge. Growing season precipitation also varied among locations (Table 2) . At most locations, precipitation was higher than normal in 2010 and 2011 (Table 2 ). The exception was Beaverlodge in 2010 where precipitation was considerably lower than normal. Gravimetric soil moisture content assessed in the fall of 2009 did not differ significantly among preceding crops (data not shown).
The exploratory statistical analysis indicated that location was a large source of variation for the variables measured, especially in the case of crop yield. For example, the highest canola and barley yields occurred at Lacombe (Fig. 1A) . This reflects the variable productive capacities of the different soil zones in western Canada as well as variable climatic conditions. Of greater importance for this study was the proportion of variance associated with the location by preceding crop interaction. This was very low (1%) for each of the variables indicating that the effect of preceding crop was reasonably consistent among the locations. Table 4 for analysis of variance. GRM = green manure.
The variances associated with the location × preceding crop × N rate interaction were higher; 5% for canola yield, 15% for canola oil concentration, 6% for barley yield, and 25% for barley protein concentration. Thus the response to N rate varied more among locations than did the response to preceding crop, especially for canola oil and barley protein.
The analysis of variance indicated significant (p < 0.05) effects of preceding crop on all variables at most locations (Table 4) . Exceptions were canola oil concentration, and barley yield and protein at Scott, and barley protein at Swift Current. Nitrogen rate significantly (p < 0.05) affected all variables except oil concentration at Lethbridge. With the exception of barley seed yield at Beaverlodge and Lacombe, none of the preceding crop × N rate interactions were significant (Table 4) . With location as a random effect in the analysis of variance (average response), both preceding crop and N rate had highly significant (p < 0.01) effects on all variables but none of the interactions were significant (Table  4) . With the exception of canola oil concentration at Lethbridge, linear or quadratic responses to N rate were significant for all variables (Table 4) .
Wheat is the most commonly grown crop rotated with canola and barley in western Canada, thus results and discussion will focus on the effects of the different preceding crops compared to those of wheat (Table 5 ). Since interactions were rarely significant, (Table 4) , the effects of preceding crop and N rate are presented separately, as main effects.
Canola (2010) Effect of Preceding Crop
At all locations, the highest and most consistent canola yield increases occurred where faba bean GRM was the preceding crop (Table 5 , Fig. 1A-8A ). Averaged across locations, there was a 27% increase in canola yield following faba bean GRM compared to where wheat was the preceding crop. Canola yield tended to increase following field pea and lentil as compared to wheat, with the effect being signficant (p < 0.05) at about half of the sites (Table 5 ). Compared to wheat as the preceding crop, field pea significantly increased canola yield at Indian Head, Swift Current, and Brandon, while lentil increased yield at Beaverlodge, Indian Head, and Swift Current. There was a strong trend to increased canola yield after field pea at Beaverlodge (p = 0.061) and lentil at Brandon (p = 0.051), where differences were significant at p < 0.10. Averaged across locations, seeding canola after pea or lentil resulted in approximately 10% higher yield compared to where wheat was the preceding crop (Table 5) .
Of the legumes grown as preceding crops, faba bean (grown for seed) had the most inconsistent and least positive effects on canola yield (Table 5) . A significant increase in canola yield following faba bean grown for seed occurred only at Swift Current, but there were trends towards increased yield at Lacombe (p = 0.079) and Brandon (p = 0.071). Averaged across locations, faba bean had no significant effect on canola yield when compared to wheat as a preceding crop (Table 5) .
When canola was the preceding crop, significant (p < 0.05) canola yield losses occurred at Beaverlodge and Lethbridge in 2010 (Table 5 ). There were also nonsignificant trends towards reduced canola yields at the other locations, notably Brandon (p = 0.085). Averaged across locations, growing canola after canola significantly (p < 0.05) reduced yield by 8% compared to when wheat was the preceding crop (Table 5) .
The effects of the preceding crops on canola oil concentration were generally slight, and were variable among locations (Table 5 ; Fig. 1B-8B ). Compared to when wheat was the preceding crop, significant reductions in oil concentration occurred with faba bean GRM at Lacombe, Beaverlodge, and Indian Head, lentil at Beaverlodge, and faba bean at Lacombe. In contrast, significant increases in oil concentration occurred with faba bean GRM, lentil and field pea at Brandon, and faba bean at Lethbridge, Indian Head, Swift Current, and Brandon. Slight but significant increases in oil concentration also Table 4 for results of analysis of variance. GRM = green manure.
occurred when canola was the preceding crop at Lethbridge and Brandon (Table 5) . Averaged across locations, faba bean GRM as the preceding crop caused a slight reduction in canola oil concentration compared to wheat while the other preceding crops had no effect (Table 5) .
Effect of Nitrogen Rate
Although canola yields varied among preceding crops at each N rate, in virtually all cases the shape of the response to increasing rates was generally similar among preceding crops, that is, responses to N rate tended to be parallel among the different preceding crops (Fig. 1A-8A ). This is consistent with the lack of a preceding crop × N rate interaction (Table 4) . Averaged across preceding crops, responses to N rate were linear at Lacombe (Fig.  1A) , Beaverlodge ( Fig. 2A) , Lethbridge (Fig. 3A) , and Indian Head (Fig. 4A) , and quadratic at Scott (Fig. 5A ), Swift Current (Fig. 6A) , and Brandon (Fig. 7A) . The linear responses suggest that yield was not maximized at the highest N rate (120 kg ha -1 ). This was also true for the average response which was almost linear (Fig. 8A ). Precipitation at all locations but Beaverlodge ranged from 40 to 116% above the 30-yr average (Table 2) . Thus canola was not limited by moisture at most sites and yield would be expected to respond to 120 kg ha -1 N. Based on the regression linear slope values (0.636), canola yield was less responsive to N at Lacombe (Fig. 1A) than at the other locations. This was possibly due to the relatively high initial soil nitrate N levels at Lacombe (Table 1) .
At most locations, canola oil concentration decreased linearly with increasing N rate (Fig. 1B, 2B, 3B , 5B, 7B). Exceptions occurred at Indian Head (Fig. 4B ) and Swift Current (Fig. 6B) where the responses were quadratic. Averaged across locations, the response was mainly linear (Fig. 8B) with a 2.6% decrease in oil concentration at the 120 compared to the 0 kg ha -1 N rate. 
Barley (2011) Effect of Preceding Crop
At all locations, except Scott and Swift Current, the highest and most consistent barley yield increases occurred where faba bean GRM was the preceding crop in 2009 (Table 5 , Fig. 1C-8C ). There was also a strong, but nonsignificant (p = 0.090), trend towards increased barley yield at Scott where faba bean GRM rather than wheat was the preceding crop. Averaged across locations, there was a 14% overall increase in barley yield where faba bean GRM rather than wheat was the preceding crop (Table 5 ). Significant increases in barley yield also occurred at Beaverlodge, Lacombe, Indian Head, and Brandon when lentil was the preceding crop, and at Beaverlodge, Lethbridge, and Brandon when field pea was the preceding crop (Table 5) . Averaged across locations, there was a 7 and 6% overall increase in barley yield with lentil and field pea, respectively, compared to when wheat was the preceding crop. Faba bean (grown for seed) significantly increased barley yield at Beaverlodge and Lacombe, and there was a strong trend (p = 0.058) towards an increase in yield at Brandon. Averaged across locations, there was also a strong trend (p = 0.058) toward an increase in barley yield with faba bean, but the increase was less than with the other legume crops (Table 5) . Table 4 for results of analysis of variance. GRM = green manure. Table 4 for results of analysis of variance. GRM = green manure.
Compared to wheat as the preceding crop, slight but significant increases in barley kernel protein occurred with faba bean GRM at Lacombe, Beaverlodge, and Lethbridge, lentil at Lacombe, Beaverlodge, and Swift Current, and field pea and canola at Indian Head (Table 5) . Averaged across locations, slight increases (2-4%) in barley kernel protein concentration occurred when faba bean GRM and lentil were the preceding crops, while field pea had no effect (Table 5) . It is unlikely, however, that these slight increases would result in unacceptable protein concentrations for malting barley, especially when the legumes were grown for seed.
Effect of Nitrogen Rate
Barley yield increased with increasing N rate, and the response was quadratic at all locations (Fig. 1C-6C ) except Brandon (Fig. 7C) , where the response was linear. The average response was also quadratic (Fig. 8C) . Thus, unlike the results with canola, barley yield tended to be maximized between 90 and 120 kg ha -1 . It is noteworthy that precipitation in 2011 was less than 2010, although it exceeded the 30-yr average by 5 to 42%. In agreement with the results for canola yield, the responses of barley yield to N rate tended to be parallel among the preceding crops at the different locations (Fig. 1C-7C) , Table 4 for results of analysis of variance. GRM = green manure. Table 4 for results of analysis of variance. GRM = green manure.
and when data were averaged over locations (Fig. 8C) . The significant preceding crop × N rate interaction at Lacombe and Beaverlodge (Table 4) may have resulted from a lessening of differences between barley yields among preceding crops as N rates increased, especially at Lacombe (Fig. 1C, 2C) .
As expected, barley kernel protein concentration increased with increasing N rate, and the response was linear or close to linear at most locations (Fig. 1D-7D) , and when data were averaged over locations (Fig. 8D) .
DISCUSSION
The results indicated that growing faba bean GRM, field pea, or lentil the year before hybrid canola can have positive effects on canola yield, and on yield of a subsequent malting barley crop. Although results were not significant at all locations, especially with field pea and lentil, using location as a random effect in the analysis of variance model provided strong evidence that these legumes will provide positive yield benefits to subsequent non-legume crops including canola. The highest yields across all N rates occurred when faba bean was grown as a GRM. While Table 4 for results of analysis of variance. GRM = green manure. Table 4 for results of analysis of variance. GRM = green manure.
the yield increases with the GRM were substantial compared to wheat as the preceding crop (average of 27 and 14% with canola and barley, respectively), the loss of crop revenue during the GRM year would likely render this approach uneconomical in most situations. Thus the information may be more relevant to organic growers who do not have the option to apply fertilizer N. Legume GRM crops including faba bean have also been found to be a good replacement for fallow before cereals in parts of western Canada including Saskatchewan Townley-Smith et al., 1993) and the Peace River region of northern Alberta . It has been suggested, however, that high faba bean seed costs may limit its use as a GRM, and that lentil may be a more feasible option in spite of its lower N 2 fixation ability (Townley-Smith et al., 1993) .
In conventional farming systems in western Canada, annual legume crops would most likely be grown as cash seed crops rather than as a GRM. Field pea production is ubiquitous in the region while lentil production is largely restricted to southern Saskatchewan and Manitoba (Pulse Canada, 2014). The results indicated an average 10% increase in hybrid canola yield when field pea or lentil were the preceding crops compared to the more common wheat-canola rotation.
Preceding legume crops may increase the yields of following non-legume crops by both N and non-N benefits. Legume crops have been shown to differ in their N 2 fixing capabilities. In general, faba bean, lentil, and field pea tended to contribute more to the N economy of cereal crops compared to other legumes such as chickpea (Cicer arietinum L.), common bean (Phaseolus vulgaris L.), and soybean (Glycine max L.) (Evans et al., 2001; Miller et al., 2003; Przednowek et al., 2004; Walley et al., 2007 ). In the current study, canola and barley grown after field pea, lentil or faba bean GRM accumulated higher amounts of N than if grown after canola or wheat, based on the combination of higher seed yield and similar or higher protein concentrations harvested after the legume crops, indicating a significant N benefit. However, if benefits were solely due to differences in N supply, the differential between yields after legume vs. non-legume crops would be expected to be greatest at low N application rates and decrease as rate of N application increased, thus resulting in significant N rate by preceding crop interactions. Such interactions only occurred for barley yield in 2011 at Lacombe and Beaverlodge indicating that the impact of preceding legume crops included signficant non-N benefits.
Although there was a statistically significant (p < 0.05) linear response to N application at several of the locations, the magnitude of the response was very low. For example, at Lacombe, only 0.6 kg of canola seed was produced per kilogram of N applied, while at Beaverlodge, the figure was only 4.5. The low yield response to N reflects the high background level of soil N available at these two sites (Table 1) and would indicate a low likelihood of attaining an economic response to N fertilization. However, at both of these locations, canola yield was higher when faba bean GRM was the preceding crop, and at the Beaverlodge site, there was also a benefit to lentil as a preceding crop, indicating further that legume benefits were not strictly due to N benefit.
Higher crop yields were obtained when field pea, lentil, or faba bean GRM were the preceding crops. However, there was no significant N × preceding crop interaction. This indicates that producers would attain a higher yield when canola was grown after these crops than after wheat, regardless of the N application rate.
The optimum N application rate, based on the ratio of canola price to fertilizer cost of application, would be the same regardless of the preceding crop. However, this could lead to two management strategies. If a producer was basing N management on a target yield, less fertilizer N would be required to maintain a given canola yield when field pea or lentil rather than wheat were the preceding crops. For example, when averaged across locations, canola yield was 2660 kg ha -1 at 120 kg ha -1 N when wheat was the preceding crop. This compares to yields of 2690 and 2760 kg ha -1 with 90 kg ha -1 when field pea and lentil were the preceding crops, respectively. This constitutes a 25% reduction in fertilizer N application to attain a similar target yield. Alternatively, since no significant interaction occurred between preceding crop and N application rate, a producer would attain a crop yield of 228, 232, and 617 kg canola seed ha -1 higher following field pea, lentil, or faba bean GRM as compared to wheat at each N application rate selected. Therefore a producer could choose to maintain N application and attain a higher crop yield. Provincial and state recommendations for N application rates following legumes vary in the approaches they take. Some jurisdictions apply an "N credit" and suggest reduced N application rates after legumes (University of Minnesota Extension, 2014), while others suggest maintaining N application rates and targeting higher yield potential (Manitoba Agriculture, Food and Rural Development, 2014) .
The yield benefits when field pea and lentil were the preceding crops, although diminished, were also evident in 2011 when barley was grown. Compared to wheat as the preceding crop, barley yield averaged over locations increased by 6 and 7%, when field pea and lentil were the preceding crops, respectively. As with canola, the amount of fertilizer N required to obtain a given yield was less when field pea or lentil were the preceding crops rather than wheat. When wheat was the preceding crop, barley yield with 120 kg ha -1 N was 5010 kg ha -1 , compared to yields of 5060 and 5020 kg ha -1 at 90 kg ha -1 when field pea and lentil were the preceding crops, respectively. This again constitutes a 25% reduction in fertilizer N application while maintaining yield. Alternately, barley yields averaging 238, 309, and 602 kg ha -1 higher would be expected when grown after field pea, lentil, or faba bean GRM, repectively, as compared to when grown after wheat. These observations are in general agreement with those of previous studies where field pea and lentil contributed positively to cereal yields resulting in a requirement for less N to produce a similar yield (Campbell et al., 1992; van Kessel 1996a, 1996b; Van Kessel and Hartley, 2000; Zentner et al., 2001; Miller et al., 2003; Przednowek et al., 2004; Miller et al., 2006; Williams et al., 2014) . Overall, data from these experiments suggest that among legume crops, field pea, lentil, and faba bean have the greatest likelihood of contributing to a positive N balance (Walley et al., 2007) .
Of the legume crops grown in our study, faba bean (grown for seed) was the least likely to provide a positive yield benefit to canola or barley. This was surprising, since it has been shown that faba bean can achieve the highest levels of N 2 fixation among legumes, and contributes positively to the N economy of non-legumes (Walley et al., 2007; Williams et al., 2014) . However, when some comparisons were made, there were fewer observations for faba bean than for other legumes, and most of the studies with faba bean were conducted under irrigation (Walley et al., 2007) . Although our study was conducted under rain-fed conditions, growing season precipitation was higher than normal at most locations in 2010 and 2011. The N supplied by legume crops to following non-legumes is generally considered to be proportional to the yield of the legume attained (Przednowek et al., 2004) . Faba bean seed yields in the current study were generally low, possibly leading to poor residual N benefit. It is also possible that the lack of faba bean impact on yield may have been confounded by the relatively high residual N levels at some locations. This may have negated some the N-fixation benefits.
Previous research suggests that yield benefits provided by legume crops to subsequent non-legume crops may not be totally due to N contributions from the legumes. For example, wheat grown on field pea residue yielded 43% higher than wheat grown on wheat residue (Stevenson and van Kessel, 1996b ), but only a small proportion of this yield increase was attributed directly to N benefits. Additional factors such as reduced disease incidence were believed to play a greater role in the wheat yield increase. It has also been suggested that the yield advantage of growing legumes in rotation may be related to less soil moisture being extracted by the legume crops, especially from lower soil depths, thus resulting in more soil moisture for succeeding deep-rooted non-legume crops such as wheat (Miller et al., 2002 (Miller et al., , 2003 (Miller et al., , 2006 Gan et al., 2009 ). In our study, this did not appear to be a factor since soil moisture levels at various depths did not differ among the preceding crops in the fall of 2009. Legume crops may also improve soil tilth and penetration resistance (Grant and Lafond, 1993) , resulting in better rooting in the following crop. On the other hand, conclusions from some studies with field pea suggest that cereal yield increases may indeed be largely due to direct N benefits rather than other factors . It has also been suggested that direct N benefits of legumes may be underestimated in some studies since the amount of N in the root systems of the residues is not always determined (Walley et al., 2007) .
The lowest canola yields generally occurred when canola was the preceding crop. On average, yield decreased 9% relative to when wheat was the preceding crop. This was unexpected in view of the relatively short duration of the experiment, and the reason is difficult to explain. However, it reflects other field data that show similar yield declines with canola grown on canola (Manitoba Management Plus Program, 2014) . In longer term studies, increased plant pathogen incidence has been the main cause of reduced yield when canola was grown frequently in rotation (Hwang et al., 2009; Kutcher et al., 2013) . Although a detailed disease assessment was not conducted at all locations in our study, visual inspection of the plots indicated no evidence of differences in disease incidence among preceding crop treatments. In another relatively short-term study, an 8% reduction in canola yield occurred when canola was grown continuously for 3 yr compared to a canola-wheat-canola rotation ; and in a related study, yield loss due to growing canola continuously for 3 yr was shown to be partly due to an increase in damage to canola tap roots by root maggot (Delia spp.) larvae (Dosdall et al., 2012) . It is unclear if this occurred in our study since root maggot damage was not assessed. Some research suggests that allelopathy related to canola or wheat residues could reduce canola yield (Bruce et al., 2005) .
The effects of the preceding crops on canola oil and barley protein concentration were variable among the locations. Protein concentration will increase when N uptake and assimilation into protein in the seed is proportionally greater than the increase in seed yield induced by the increased N supply. This commonly occurs at high rates of N fertilization, when the yield response to N application is small, or if N is accessed by the crop later in growth when yield potential has been largely determined. Overall, however, when compared to wheat as the preceding crop, the legumes had little or no negative effects on oil concentration of canola, or protein concentration of malting barley, especially when the legumes were grown for seed. Fertilizer N applied at relatively high rates was more consistent than the preceding crops in reducing canola oil concentration and increasing protein concentration of malting barley. Reduced canola oil concentrations with high fertilizer N rates have been documented previously, reflecting the inverse relationship between oil and protein concentration in the canola seed (Jackson, 2000; Karamanos et al., 2005; Blackshaw et al., 2011; . However, the higher canola seed yields obtained with increasing N rates would normally more than compensate for reductions in oil concentration at high compared to low N rates (Jackson, 2000; Harker et al., 2012) . Excess fertilizer N rates are likely to affect malting barley quality by increasing kernel protein concentration to unacceptable levels Turkington et al., 2012) . While release of N late in the growing season through mineralization of residues can lead to higher protein concentation after legume crops, the response will vary depending on the interaction of N supply, yield potential and timing of N release (Grant and Flaten, 1998; Rowland et al., 1994) .
In conclusion, the results indicate that growing field pea or lentil as cash crops before hybrid canola can improve canola and subsequent barley yield without having a major negative impact on canola oil or malting barley protein concentration. Growing faba bean for seed was less likely to result in an increased canola or barley yield response. On the other hand, growing faba bean as a GRM resulted in the highest canola and barley yields, but this would likely be uneconomical in conventional crop production systems due to the loss of crop revenue during the faba bean year. The practice may be more feasible in organic production systems or as a replacement for fallow. Finally, growing canola on canola resulted in the lowest hybrid canola yield and should be avoided.
